Sequence comparisons of genomes or expressed sequence tags (ESTs) from related organisms provide insight into functional conservation and diversification. We compare the sequences of ESTs from the male accessory gland of Drosophila simulans to their orthologs in its close relative Drosophila melanogaster, and demonstrate rapid divergence of many of these reproductive genes. Nineteen (ϳ11%) of 176 independent genes identified in the EST screen contain protein-coding regions with an excess of nonsynonymous over synonymous changes, suggesting that their divergence has been accelerated by positive Darwinian selection. Genes that encode putative accessory gland-specific seminal fluid proteins had a significantly elevated level of nonsynonymous substitution relative to nonaccessory gland-specific genes. With the 57 new accessory gland genes reported here, we predict that ϳ90% of the male accessory gland genes have been identified. The evolutionary EST approach applied here to identify putative targets of adaptive evolution is readily applicable to other tissues and organisms.
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positive selection ͉ accessory glands ͉ seminal fluid ͉ peptide hormones ͉ sexual conflict T he Drosophila male accessory gland is a highly specialized reproductive organ. Its function is to secrete seminal-fluid proteins. Therefore, it may be relatively easy to identify many of the proteins found in seminal fluid by sequencing expressed sequence tags (ESTs) from the accessory gland. Secreted accessory gland proteins (Acps) have diverse and important reproductive roles and interesting patterns of evolutionary change. Acps are transferred along with sperm to the female's reproductive tract and have a variety of effects on the female's reproductive physiology (1) . Acps increase the egg-laying rate of mated females by inducing oogenesis (2, 3) and ovulation (4) , decrease the female's propensity to remate (5) , are required for sperm storage (6, 7) , and influence egg hatchability (8, 9) . Also, Acps may play a role in cryptic female choice (10) , sperm competition (11) , and intersexual genomic conflict (12)-three evolutionary scenarios thought to promote the divergence of reproductive proteins. The unique role of Acps has made them the focus of much interest by cell and evolutionary biologists, because they seem to be a currency of chemical communication between males and females (1).
Two-dimensional protein electrophoresis has been used to show that male reproductive proteins (including Acps) are twice as diverse as nonreproductive proteins (13) , but because the nucleotide sequences encoding these proteins remained unidentified, it was impossible to determine whether positive selection or low constraint on amino acid sequence led to the apparent high divergence of this large class of proteins. Identification of the nucleotide sequences encoding these highly variable proteins will allow for evolutionary inferences of the magnitude of forces affecting their evolution (14) and provide tools for determining the molecular function of the selected gene (2) (3) (4) (5) (6) 15) .
Conservation of primary sequence has been applied widely as a criterion for functionally important genes or gene regions. For example, the primary amino acid sequence of each core histone gene is Ͼ90% identical between plants and animals, presumably because of the conserved role of these proteins in chromatin structure. However, functionally important regions also can be revealed in divergent genes if positive selection is involved in their adaptive divergence (16) (17) (18) . High levels of amino acid polymorphism within a species also may be a sign that natural selection is favoring high levels of allelic diversity. This pattern is illustrated well by genes involved in the immune response, such as the gene encoding the MHC class I protein, where the region encoding the antigen-binding cleft shows high amino acid diversification (19) . A strong signature of positive selection for change is that the number of nonsynonymous substitutions per nonsynonymous site (amino acid altering; d N ) significantly exceeds the number of synonymous substitutions per synonymous site (silent; d S ; ref. 20) . Such analyses also have identified positive selection in genes involved in host-parasite interaction (21), reproduction (22) (23) (24) (25) (26) (27) , and adaptation to specific environments (28) (29) (30) .
The recently completed genomic sequence of Drosophila melanogaster (31) provides a superb resource against which to perform a comparative EST analysis. Although estimates from differential cDNA hybridization (32) (33) (34) (35) and protein electrophoresis studies (36) estimate the number of accessory gland genes in the genome to be Ϸ25-100 (1, 32-36), only 18 have been isolated to date (32) (33) (34) (35) . Sequence divergence studies of five Acp genes have revealed two rapidly evolving genes (37) (38) (39) (40) and three other Acp genes that are conserved fairly well (40) (41) (42) . A recent report identified one additional Acp gene subjected to selection (43) . The strategy we used in the present study was to isolate and sequence accessory gland ESTs from Drosophila simulans, a close relative of D. melanogaster. There is, on average, 11% silent site difference between these two species (44) (45) (46) This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: EST, expressed sequence tag; Acps, accessory gland protein; DTA-E, D. melanogaster males expressing wild-type diphtheria toxin in their accessory glands; log, logarithm.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. BG642132-BG642390).
Thus, our collection for analysis is enriched for accessory gland genes expressed only in males, although it is possible that genes expressed at low levels in females might still be present in our EST collection.
Materials and Methods
cDNA Library Preparation and Screening. Total RNA was purified from 500 dissected D. simulans accessory glands by the guanidinium thiocyanate͞CsCl method (47), yielding 2 g of RNA. mRNA was isolated by using the Qiagen Oligotex kit. Oligo(dT)-primed cDNA was prepared and cloned directionally into pSport (BRL) following the manufacturer's directions. Because many of the known Acps are small genes, size selection allowed for small genes to be included. The resulting library was 98% recombinant, containing 225,000 colony-forming units (cfus) with an average insert size of 1.3 kb. Three thousand cfus were plated at low density, and colony lifts were prepared and probed. Oligo(dT)-primed first-strand female cDNA was prepared by using BRL superscript II reverse transcriptase incorporating 32 P-labeled dCTP and then denatured at 65°C for 30 min in 0.3 M NaOH. Hybridization was for 18 h at 65°C in 5 ϫ standard saline phosphate (SSPE)͞5 ϫ Denhardt's solution (0.02% polyvinylpyrrolidone͞0.02% Ficoll͞0.02% BSA)͞0.5% SDS͞0.2 mg/ml salmon sperm DNA. Final washes were at 65°C, 0.1 ϫ SSPE for 10 min. Three hundred fifty nonhybridizing colonies were selected for further analysis. Plasmid DNA was purified by using the Qiagen miniprep kit and spotted onto Hybond-XL membranes (Amersham Pharmacia). Clones were rechecked for male specificity by dot-blot hybridization of purified plasmid DNA. Additionally, eight previously identified Acps (Acp32CD, Acp33A, Acp62F, Acp63F, Acp76A, Acp98AB, Acp36DE, and Acp26Aa; refs. 32 and 33) were screened out by probing with 32 P-labeled PCR products. Three hundred twenty-eight clones remained male predominant.
To identify which of the ESTs are likely to be expressed specifically in the main cells of the accessory glands, we performed a second differential hybridization screen. Transgenic D. melanogaster flies expressing wild-type diphtheria toxin in their accessory glands (DTA-E) under the control of an accessory gland main cell-specific promoter (48) make no detectable main cells Acps and show degeneration of their accessory gland main cells. The secondary cells of their accessory glands (4% of the accessory gland; ref. 49 ) are unaffected and still synthesize proteins (48) . We hybridized the accessory gland ESTs to 32 P-labeled cDNA made from wild-type males or from DTA-E males. Hybridization conditions were identical to those described above. Hybridization to a cDNA probe from wild-type D. melanogaster males but not to DTA-E D. melanogaster males defined those ESTs that are accessory gland main cell-specific in their expression and thus a portion of the Acp genes. However, those Acp genes transcribed in secondary cells (or elsewhere in the body) still will be expressed in DTA-E flies and hybridize to the DTA-E cDNA probe.
Sequencing was from Qiagen purified plasmid DNA performed on a Beckman CEQ-2000 automated sequencer. Only 5Ј ends were sequenced. Thirty-seven inserts were less than 50 bp and were not analyzed further. In total, 212 independent genes were identified. Of these genes, 176 matched putative proteincoding regions in the annotated D. melanogaster genome, whereas the remaining 36 matched 5Ј or 3Ј noncoding regions.
Statistical Analyses. The genomic region (including 500 bp upstream and downstream) of the genes identified by our ESTs were compared by using BLAST to the Berkeley EST database. This strategy assures that our ESTs and previous ESTs did not just identify different regions of the same gene or missed because of annotation errors. Genes with an E value Ͼ 10 Ϫ10 were considered not found in the Drosophila EST database. Signal sequences were predicted by using the program SIGNALP (http:͞͞www.cbs.dtu.dk͞services͞SignalP-2.0͞).
To determine the number of Acp genes in the D. melanogaster genome, we analyzed the frequency of multiply hit genes identified in our EST analysis. We can get a bound on the number of genes expressed in the accessory gland by assuming that they are all equally likely to be recovered in the cDNA clones. In fact, there is wide variation in expression levels (5, (32) (33) (34) (35) , thus any estimate that we make assuming equal expression will be lower than the true number. If there were equal expression levels, the numbers of genes recovered in clones 1, 2, and 3 times, etc., are expected to have a Poisson distribution. We can estimate the number of distinct genes expressed in the accessory gland by estimating the Poisson parameter by maximum likelihood, then using this parameter to estimate the size of the zero class (those genes present in the genome that were not observed). The library was prescreened with eight different Acp genes, thus we can apply this estimation procedure on what is left after screening and simply add the count of screened genes back at the end. We consider only those clones that are main cell accessory glandenriched (by virtue of the differential screening described below) or those that encode a protein with a predicted signal peptide.
Assessment of the significance of excess of d N over d S was determined as follows. d N and d S were estimated as two free parameters by maximum likelihood (L 1 ) by using PAML (50, 51) . ANOVA was used to test the null hypothesis that the Acp genes have the same d N and d S values as non-Acp genes. We analyzed the raw data and log-transformed data. Log transformation improved the fit of the data to the normal distribution in a few cases; however, analyses on both the raw data and log-transformed data yielded the same conclusions.
Results and Discussion
Two hundred and eighty five male-predominant clones were sequenced, identifying 212 independent genes (Table 1, which is published as supplemental material on the PNAS web site, www.pnas.org). Thirty-five percent of the genes (75 independent genes) matching these ESTs did not have matches from the 91,833 ESTs that have been generated as part of the Drosophila genome project (54), probably because previous EST libraries did not use adult male accessory glands. Remarkably, 47% of the genes showed no evidence of homology to non-Drosophila sequences in GenBank. This proportion is higher than the overall average for the D. melanogaster genome (29%; ref. 31) . Consistent with the accessory gland being a secretory tissue, 24% of the predicted genes (51 independent genes) encode proteins with putative signal sequences. Eight percent of the genes (18 independent genes) correspond to genomic regions of the D. melanogaster genome in which no genes have been predicted (31) . The annotation of these genes was missed by gene-prediction algorithms (55), most likely because accessory gland genes generally have low codon bias, short ORFs, and tend to diverge rapidly enough to make ortholog identification difficult.
Identification of Acp Genes. We performed a second differential hybridization step to identify Acp genes, using probes from D. melanogaster flies lacking Acp transcripts, because of expression of diphtheria toxin in the main cells of their accessory glands (DTA-E; ref. 48) , and wild-type flies. ESTs that hybridize strongly to the wild-type probe but not to the DTA-E probe are candidates for encoding accessory gland main cell-specific transcripts (Fig. 1) . Approximately 15% of the ESTs (32 independent genes) appear to be accessory gland main cell-specific by this stringent criterion. Of these, 81% (26 independent genes) are novel candidate Acps (Table 1) . This probing will not identify all potential Acps, because accessory gland-specific genes that are expressed at low levels and accessory gland genes expressed also, or exclusively, in secondary cells, will not be detected as accessory gland-specific by such an analysis (48) . In fact, many of the ESTs that encode proteins with predicted signal sequences (and therefore are probably secreted proteins) are not identified as accessory gland main cell-specific by these criteria. Nonetheless, the two differential-hybridization steps demonstrate that the EST sequences are enriched for male-specific accessory gland genes.
If we consider as Acps either those genes that are accessory gland main cell-specific by our differential hybridization or those male genes expressed in the accessory gland and encoding proteins with a predicted signal sequence (indicating they encode secreted proteins), we can estimate the total number of Acp proteins from the distribution of multiple isolations of the same genomic sequence. The data contained 46 putative Acp genes that were represented 1 time, 6 that were represented 2 times, 3 that were found in 3 clones, and 4 that were found in 4 clones. The 4 remaining distinct genes were present in 6, 8, 9, and 17 clones. Fitting this data to a Poisson distribution yields a maximum likelihood estimate of 75 genes. To this number we must add the 8 genes that were prescreened initially, giving an estimate of 83 genes expressed in the accessory gland. Because of variation in gene expression level, this number should be viewed as a rough lower bound. Additional screening of the original library will quantify the variation in expression levels.
With the 18 previous genes (32) (33) (34) (35) and the 57 new independent Acp genes identified here (26 by loss of expression in DTA-E flies and an additional 31 with signal sequences), we estimate that 90% of the 83 accessory gland-specific genes in the D. melanogaster genome now have been identified. Interestingly, there is a significant absence of Acp genes on the X chromosome. Although theoretical models have suggested that there are grounds to expect the opposite result, namely a clustering of male fertility genes on the X chromosome (56) , that the Drosophila X is dosage-compensated in males by hypertranscription on a gene-by-gene basis (57, 58) may explain the deficit of X-linked Acps (ref. 32 and this study). Transposition of an autosomal Acp to the X chromosome would result initially in reduced expression in males, which may be disadvantageous (1) .
The types of genes identified as encoding Acps are consistent with what is known about accessory gland function. Previous studies identified 13 genes encoding small novel secreted peptides (32) (33) (34) (35) , some of which have been demonstrated to have reproductive functions (2) (3) (4) (5) . Our analysis identified 12 additional peptides in this class. Previous studies also identified secreted proteins that undergo regulated proteolysis (32, 33, 57, 58) , and two putative protease inhibitors (refs. 32 and 59-61 and O. Lung, U. Tram, C. Finnerty, M. Epper-Mains, J. Kalb, and M.F.W., unpublished data). Here, we identified nine additional proteases and six additional protease inhibitors that may be involved in proteolytic cascades. Additionally, we identified six separate lipase genes. Lipase activity has been detected in D. melanogaster male reproductive organs (62), but no accessory gland-expressed lipase genes had been identified previously. Possible functional roles of lipases include providing nutritional value for females, alteration of sperm membranes to facilitate fertilization, and modification of female reproductive tract for efficient sperm and Acp usage. Nearly 50% of the new genes have no known motifs, suggesting our EST collection to be a rich source of new protein motifs.
Evolutionary Analyses of Divergence. To gain insight into the evolutionary forces affecting the divergence of these reproductive proteins, we calculated the levels of synonymous and nonsynonymous substitution (20, 50, 51) for those D. simulans ESTs that match protein-coding region sequences in D. melanogaster (176 total independent comparisons; the remaining 36 ESTs matched 5Ј or 3Ј noncoding regions). The goal here was to identify potential candidate genes whose divergence was promoted by positive Darwinian selection, as indicated by a high d N ͞d S ratio. Below, we demonstrate that different evolutionary forces affect the Acp genes compared with non-Acp genes, and provide evidence that the high d N ͞d S ratios do not result from the Acp genes being pseudogenes or from sequencing errors. (44) (45) (46) and found that on average d N is substantially less than d S (Fig. 2) . Importantly, the range of d S values for the ESTs and nonreproductive proteins is similar, and an ANOVA test failed to reject the null hypothesis of equal levels of divergence. This is evidence that the high d N ͞d S ratios observed in our EST sequences are not caused by sequencing errors, because such errors would inflate both d S and d N values. Several of the ESTs were distinct clones of the same gene. Alignment of these repeats revealed 56 mismatches in 7,800 bp for a maximum overall sequencing error rate of 0.7%, a figure that is far too small to be responsible for the excess nonsynonymous differences seen (particularly considering that many of these differences represent true polymorphisms and not sequencing errors). Additionally, the average d S of our ESTs (d S ϭ 0.11) is identical to the average d S (d S ϭ 0.11) calculated from Fig. 1 . Differential hybridization of the EST library with 32 P-labeled cDNA from wild-type males (WT) and DTA-E males (both D. melanogaster), the latter having no main cell accessory gland genes expressed. Row 1 shows a sample EST clone that hybridizes strongly with the male wild-type probe but not the DTA-E probe, and is thus a candidate Acp. Rows 2 and 3 show example EST clones with equal (strong or weak, respectively) hybridization to wild type and DTA-E, and thus cannot be identified as potential Acps by this method.
complete genes between D. simulans and D. melanogaster (44) (45) (46) , indicating that our estimates are reliable despite the short length of the sequences (average alignment length between coding regions was 285 bp). Similarly, a contrast of d N of our non-Acp ESTs to the nonreproductive genes of refs. [44] [45] [46] revealed no difference (F 1, 179 ϭ 0.53, P ϭ 0.467). The regulated expression and lack of frame-shift mutations between species argues against our Acp ESTs being pseudogenes. Finally, equivalence of d S in these two samples is consistent also with homogeneity of mutation rates and other factors influencing the levels of sequence divergence.
The average d N of the accessory gland-specific ESTs (d N ϭ 0.052) is 2.1 times that of the nonaccessory gland-specific genes (d N ϭ 0.024), a result that stands in stark contrast to the virtually identical levels of synonymous divergence quantified above. This high level of amino acid sequence divergence for the male accessory glandspecific genes is similar to the 2-fold higher level of divergence of male reproductive proteins analyzed by two-dimensional gel protein electrophoresis (13) . A d N ͞d S ratio of approximately 1 can result from either positive selection or lack of functional constraint. The criterion for positive selection that requires a d N ͞d S ratio across the entire gene being greater than 1 to identify positive selection is extremely stringent. It is possible that the genes identified here with a d N ͞d S ratio of approximately 1 will show signs of positive selection with additional tests. For example, genes such as the MHC glycoprotein HLA-A (19) and mammalian zona pellucida glycoproteins (64) have pairwise d N ͞d S ratios less than 1. However, comparisons of these genes among several species, taking into account variation in the d N ͞d S ratio between sites and lineages, has detected the action of positive selection on portions of these genes (19, 63) . Similar analysis of the putative targets of positive selection identified in this study will be informative, but will require additional taxon sampling.
The identification of the large group of male reproductive genes presented here opens the door to molecular tests of cryptic female choice (10), sperm competition (11) , and intersexual genomic conflict (12) . The general approach we describe here, BLASTing EST sequences from a closely related species to one whose full genome has been sequenced, promises to be a powerful approach for identifying potential targets of positive selection at a genomic scale and is readily applicable to any tissue or organism. (44) . d N and dS were estimated by the maximum likelihood method (50, 51) . Similar results are obtained by using the method of Nei and Gojobori (53) .
